The variety of alternative mRNA isoforms in higher eukaryotic transcriptomes indicates that a complex interplay among cis elements and trans factors exists to regulate splicing decisions. Splicing factors such as RNA-binding proteins (RBPs) often bind as complexes within precursor messenger RNA (pre-mRNA) sequences to promote or repress splice-site recognition [1] [2] [3] . Variation within trans factors or their binding sites leads to phenotypic diversity across mammalian evolution, and inherited or somatic genetic defects in these sites cause human diseases. The recent application of genome-scale immunoprecipitation and high-throughput sequencing in mammalian cells provides insights into the networks of interactions among RBPs and their RNA substrates 4-14 . It has long been known that splicing factors bind within constitutive and alternative exons and their proximal intronic regions to alter splicing 5, [15] [16] [17] [18] . Sequence information within 500 nt of alternative exons and their neighboring flanking exons has been extensively studied to derive a computational splicing regulatory code 19 . However, the genome-wide maps of RNA binding by proteins also show that a large fraction of binding sites are located much farther than 500 nt from potential target exons.
a r t i c l e s
The variety of alternative mRNA isoforms in higher eukaryotic transcriptomes indicates that a complex interplay among cis elements and trans factors exists to regulate splicing decisions. Splicing factors such as RNA-binding proteins (RBPs) often bind as complexes within precursor messenger RNA (pre-mRNA) sequences to promote or repress splice-site recognition [1] [2] [3] . Variation within trans factors or their binding sites leads to phenotypic diversity across mammalian evolution, and inherited or somatic genetic defects in these sites cause human diseases. The recent application of genome-scale immunoprecipitation and high-throughput sequencing in mammalian cells provides insights into the networks of interactions among RBPs and their RNA substrates [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It has long been known that splicing factors bind within constitutive and alternative exons and their proximal intronic regions to alter splicing 5, [15] [16] [17] [18] . Sequence information within 500 nt of alternative exons and their neighboring flanking exons has been extensively studied to derive a computational splicing regulatory code 19 . However, the genome-wide maps of RNA binding by proteins also show that a large fraction of binding sites are located much farther than 500 nt from potential target exons.
Published studies of distally located sequences that affect splicing allow only limited conclusions. The regulatory elements previously considered distal are often relatively close to the regulated exon or flanking exons and thus are not inconsistent with existing models of splicing regulation. Few distal intronic enhancers have been demonstrated biochemically 20 or proposed on the basis of conservation 21 . For instance, the decoy 3′ splice acceptor site sequence in the mouse caspase-2 (Casp2) gene is located only ~200 nt downstream from the regulated exon 22 and motifs that enhance splicing of rat Fn1 exon EIIIB are less than 500 nt from the downstream exon 23, 24 . Another complicating aspect of these studies is that the splicing factors recognizing the distal sequences are not always known. For example, it is not known which RBPs bind a 526 nt segment of the intronic sequence downstream of an exon in the chicken PPP1R12A (also known as MYPT1) gene 25 . Similarly, it is unclear how a cis element in the first intron of the equine β-casein (CSN2) gene increases the inclusion of all weak exons in its pre-mRNA 26 . Finally, the mechanisms by which a splicing factor might act on a distant exon are largely obscure. For example, a distal Rbfox motif was found to affect exon N30 in human MYH10 (non-muscle myosin heavy chain B) gene, but how this occurred was unexplored 20 .
To examine the genome-wide relevance of distal regulatory sites in splicing, we examined the Rbfox family of RNA-binding proteins in vivo and in human cell lines. These proteins control tissue-specific AS of exons in brain, muscle, epithelial and mesenchymal cells, and embryonic stem cells 5, [27] [28] [29] [30] [31] [32] , and their binding sites are exceptionally highly conserved in sequence and position across vertebrate evolution 16, 33 . RBFOX proteins interact with proteins mutated in spinal cerebellar ataxia types 1 and 2 (refs. 34,35) , and individuals with mutations mapping to the RBFOX1 gene locus have a range of neurological deficits, such as mental retardation, epilepsy and autism-spectrum disorder (ASD) [36] [37] [38] [39] . In muscle, post-transcriptional downregulation a r t i c l e s of RBFOX1 expression has a role in the pathology of facioscapulohumeral muscular dystrophy (FSHD) 40 . Moreover, animal models with knockout or knockdown of Rbfox protein expression show extensive defects in both neuronal and muscle physiology 28, 29, 31 , further suggesting that this class of RNA-binding proteins plays key roles in normal development.
Here we used genome-wide cross-linking, immunoprecipitation and sequencing (CLIP-seq) assays in mammalian brain to show that more than half of Rbfox binding sites are located distally (>500 nt) from exons and that these distal sites are preserved through evolution. We used RNA-seq measurements of AS to show that distal Rbfox binding sites and distal conserved Rbfox motifs are preferentially associated with exons that are differentially spliced in experiments modeling Rbfox loss and gain. We experimentally demonstrated that these distal Rbfox binding sites directly control splicing in both endogenous genes and in minigene splicing reporters. Finally, we showed that long-range RNA-RNA secondary structures mediate distal splicing regulation by Rbfox. These results indicate that distal intronic regions are rich reservoirs of highly conserved RNA cis elements critical for splicing regulation.
RESULTS

Rbfox interacts in vivo with conserved and distal GCATGs
To generate genome-wide maps of Rbfox protein-RNA interactions in vivo, we used UV irradiation to crosslink protein-RNA complexes from adult mouse brain and immunoprecipitated them with antibodies specific for either Rbfox1 or Rbfox2 proteins ( Supplementary  Fig. 1a) . Isolated RNA fragments representing Rbfox protein binding sites were sequenced and processed, resulting in 2,071,607 (Rbfox1) and 2,451,256 (Rbfox2) nonredundant alignments (Supplementary  Table 1 ) to the mouse (mm9) genome. We used our CLIP-seq clusterfinding algorithm, CLIPper (available at https://github.com/YeoLab/ clipper) to delineate clusters of reads representing regions in the transcriptome significantly (P < 0.01) associated with Rbfox binding. We identified 10,062 Rbfox1 clusters in 3,490 genes and 7,466 Rbfox2 clusters in 2,672 genes, with 1,901 genes containing both Rbfox1 and Rbfox2 clusters (Supplementary Fig. 1b) .
We found that the majority of Rbfox clusters (62%) were located within distal intronic regions, which we defined as intronic space >500 nt from any annotated exon (Fig. 1a) . Rbfox clusters were also identified within 3′ UTRs and only a minority of clusters (8%) were located in proximal introns. The authenticity of distal clusters as bona fide Rbfox binding sites was supported by several observations. First, a de novo motif search with the HOMER algorithm, which demonstrated that both proximal and distal clusters showed statistically significant enrichment of the TGCATG motif (Rbfox1: P < 10 −205 and P < 10 −48 respectively, Rbfox2: P < 10 −48 and P < 10 −90 respectively), compared with the appropriate backgrounds selected from similar genic regions ( Supplementary Fig. 1e ). The intensity of gray corresponds to the −log 10 (P value) of a hypergeometric test for enrichment in gene ontology categories represented by genes bound in proximal intron (green boxed 'PI'), distal intron (purple boxed 'DI') or 3′ UTR (brown boxed '3U') or by genes exhibiting AS in the RNA-seq experiments in the Rbfox1 or Rbfox2 knockout (KO) or RBFOX ectopic expression (EE). npg a r t i c l e s ref. 5 ) confirmed a significant enrichment for TGCATG (P < 10 −10 ) and hexamers that contained GCATG, for both proximal and distal clusters (Supplementary Fig. 1d ). In addition, a GU-rich element previously observed in CLIP studies of RBFOX2 in human embryonic stem cells 5 was present, likely representing other proteins that interact synergistically with Rbfox proteins. Second, we evaluated the evolutionary conservation of GCATG sequences within Rbfox CLIP-defined binding sites. Although only a small fraction (<15%) of bound sites contained a GCATG sequence that was evolutionarily conserved between mouse and human (Fig. 1c) , GCATG sequences conserved across multiple genomes (mouse and human, rat or dog) were approximately 3.5 times more likely to be occupied in vivo by Rbfox than GCATG sequences present only in the mouse genome (Fig. 1d) . Nevertheless, a statistically significant (P < 0.05) number of distal (and proximal) binding sites contained conserved GCATG motifs, as compared to clusters of similar sizes distributed randomly in distal introns (Fig. 1c,e) . Third, as Rbfox1 and Rbfox2 proteins interact with the same sequence motif, we measured the correspondence in their binding sites as a measure of functional relevance. Notably, the level of overlap between distal Rbfox1 and Rbfox2 binding sites was similar to the proximal sites (Supplementary Fig. 1e) . Furthermore, the overlap between both proximal and distal Rbfox1 and Rbfox2 binding sites increased as a function of degree of GCATG site conservation within clusters (Supplementary Fig. 1f) .
Last, we found that the ontologies of genes bound in distal intronic regions were similar to those associated with genes that contain exonproximal binding sites, but also included some additional categories ( Fig. 1f; see Supplementary Fig. 1g for the entire list of statistically significant gene ontology categories and Supplementary Table 2 for the list of genes within each category). Many of these genes bound by Rbfox in distal intronic regions, such as Shank1, previously implicated in autism 41 (Supplementary Fig. 2a) , are clearly important for neuronal function. Rbfox was observed to bind both proximal and distal regions downstream of the seizure-associated exon in Snap25 (Supplementary Fig. 2b and ref. 42 ) and the stress axis-related exon in the Kcnma1 gene, whose inclusion results in potassium channels that are more sensitive to Ca 2+ ( Supplementary Fig. 2c and ref. 43 ). We also identified distal Rbfox binding sites a kilobase away from the autoregulated exon encoding an RNA-recognition motif in each of the Rbfox1 and Rbfox2 genes, in addition to the previously known proximal sites 44 (Supplementary Fig. 2d,e) . Our genome-wide protein-RNA interaction maps of Rbfox proteins in mouse brains indicated that distal Rbfox sites have sequence conservation properties, gene targets and other features that support their functional roles in RNA regulation and disease etiology.
TGCATG is enriched and conserved distal to alternative exons
On the basis of our hypothesis that distal Rbfox splicing enhancers or repressors regulate mammalian exons important in development, we predicted that distal GCATG motifs, like proximal GCATG motifs 5, 18 , are evolutionarily conserved and preferentially enriched in introns flanking AS exons. We tested whether the highly conserved distal regions have two properties expected for AS control regions: enrichment for known splicing regulatory motifs, and preferential association of these motifs with alternative exons more than constitutive exons. To achieve this, we modified a computational strategy (Online Methods; ref. 45) to score hexamers for their statistical enrichment in highly conserved intronic regions relative to weakly conserved intronic regions. We separately scored hexamer enrichment in conserved intronic regions flanking alternative cassette (single-exclusion) exons relative to regions flanking constitutively spliced exons, and then plotted these two scores against each other. This strategy infers function from evolutionary conservation, and relevance for AS regulation (as opposed to another function) from proximity to alternative exons. First, we computationally identified 655,467 highly conserved regions in the human transcriptome, of average length 51 bases, excluding repetitive DNA or RNA elements, microRNAs, snRNA, rRNAs and transcription factor binding sites identified by the ENCODE consortium 46 (Fig. 2a) . Although <1% of intronic space meets the criteria for high conservation, almost half (42%) of all highly conserved transcriptome regions are located within introns, with a great number of these falling in distal regions (35% of the total, or 224,813 regions; Fig. 2b and Supplementary Fig. 3a) . We found that the cis-element composition of proximal conserved regions around AS exons ( Fig. 2c) was not identical to that of distal regions ( Fig. 2d and Supplementary Fig. 3b ). For example, a CU-rich motif, which is a substrate for the polypyrimidine tract-binding protein (PTB) family of splicing factors, is enriched in conserved regions proximal to AS exons but depleted in distal conserved regions ( Fig. 2c,d ; yellow triangles), thus suggesting that these are under positive evolutionary selection in proximal regions, but negative selection in distal regions. Another motif (CAATTA) was found to be highly conserved in both proximal and distal regions, but preferentially depleted around AS exons, compared to constitutively spliced exons ( Fig. 2c,d ; light blue triangles). The Rbfox binding motif, TGCATG ( Fig. 2c,d ; dark blue circles), was consistently the most enriched conserved cis element associated with AS exons in both proximal and distal regions (P < 0.01 by both criteria).
Distal Rbfox sites are associated with Rbfox-regulated exons
Having determined that in vivo distal intronic Rbfox binding sites contain conserved GCATG motifs, and that conserved distal intronic The y axis indicates the enrichment of each word within intronic regions proximal to cassette relative to constitutive exons. The x axis indicates the enrichment of each word within highly conserved regions, relative to weakly conserved regions. The five most enriched motifs in highly conserved regions proximal to AS exons compared to weakly conserved regions proximal to constitutive exons judged by an alternative de novo approach is inset in c (additional motif information is in Supplementary Fig. 3b ). Words similar to these five motifs are highlighted with filled shapes, overlaid onto the scatter plot. TGCATG was significantly (P < 0.01) enriched in both proximal and distal conserved intronic regions flanking AS exons.
a r t i c l e s regions flanking annotated AS are enriched in Rbfox binding motifs in general, we next investigated the role of distal GCATG sites in Rbfoxdependent AS regulation. Rbfox-regulated exons were identified by strand-specific RNA-seq from homogenized whole mouse brain isolated from nestin-conditional Rbfox1 −/− and Rbfox2 −/− knockout (KO) animals and paired wild-type controls 28, 29 , and human 293T cells ectopically expressing either RBFOX1, RBFOX2, RBFOX3 or empty-vector control plasmids. Both loss of Rbfox1 and Rbfox2, as well as ectopic expression of RBFOX in human 293T cells, had almost no effect on overall gene expression ( Supplementary Fig. 4a -e and Supplementary Table 3) .
To estimate the extent of Rbfox-dependent exon usage, we calculated percent-spliced-in (psi, Ψ) values for annotated AS exons. We identified 620 and 934 (379 in common) mouse exons that were alternatively spliced in brain (change in the absolute value of Ψ or |∆Ψ | ≥ 5%) upon loss of Rbfox1 and Rbfox2, respectively (see Supplementary  Fig. 4f ,g and Supplementary Table 4 for the list of regulated exons). The degree of differential splicing upon Rbfox loss correlated well with RT-PCR measurements in the publications describing these knockout mice ( Supplementary Fig. 4h,i; refs. 28, 29) . In mouse brains, of the exons that were differentially spliced (|∆Ψ| ≥ 5%) in both experiments, only about half (210 of 379) changed in the same direction; in contrast, ectopic expression of each RBFOX in 293T cells resulted in AS of hundreds of cassette exons (Supplementary Fig. 4g ), but the regulated changes in exon inclusion in these cell lines were more positively correlated (Supplementary Fig. 4j ). RNA-splicing components such as Mbnl1, Mbnl2, Prpf18, Cwc22, Rsrc1, Raly, Thrap3, Rnps1 and Clk4 were themselves alternatively spliced upon Rbfox1 and Rbfox2 knockout, suggesting that some of the AS changes measured are indirect. Notably, categories of genes that undergo regulation by AS are more closely related to categories of genes bound in proximal and distal intronic regions by Rbfox1 and Rbfox2, as compared to ones bound in 3′ UTRs by Rbfox1 and Rbfox2 ( Fig. 1f and Supplementary  Fig. 1e) , suggesting a separable biological function of Rbfox1 and Rbfox2 in 3′ UTR-mediated gene regulation.
Cassette exons were divided into differentially included (∆Ψ > 5%), excluded (∆Ψ < −5%) and unaffected (|∆Ψ| < 2%) categories by Rbfox loss (in knockout mice compared to wild-type sibling pairs) or by RBFOX gain (in 293T cells ectopically expressing RBFOX compared to an empty-vector control) (Supplementary Fig. 4f-j) . We determined the proportion of Rbfox-regulated and unaffected AS exons for which there was CLIP evidence for Rbfox binding or a GCATG motif, at different levels of evolutionary conservation, in the proximal or distal ('PI' and 'DI' columns of Fig. 3a-d), upstream (Fig. 3a,c) or downstream (Fig. 3b,d ) intronic regions. Upon Rbfox2 loss in mouse brain, a statistically significantly higher fraction of differentially included AS exons (blue bars) than unaffected exons (gray bars) contain a conserved GCATG motif in the upstream proximal region (P < 1 × 10 −3 ; Fig. 3a) , whereas a higher fraction of excluded AS exons (golden bars) contain conserved GCATG motifs in the downstream proximal region (P < 4 × 10 −6 ; Fig. 3b) . Interestingly, exons included upon Rbfox2 loss are depleted of CLIP-defined binding sites in downstream proximal intronic regions (P < 4 × 10 −3 ; Fig. 3b ). As expected, inverse effects were observed when RBFOX2 was ectopically expressed in 293T cells (P < 3 × 10 −4 , P < 3 × 10 −3 for downstream of included and upstream of excluded exons, respectively; Fig. 3c,d ). RBFOX1 and RBFOX3 experiments had similar, but less dramatic, effects on splicing (Supplementary Fig. 5a,b) . Therefore, Rbfox interaction within proximal intronic regions was associated with Rbfox regulation, confirming previous 'position-dependent' rules: that upstream Rbfox binding is associated with repression of exon recognition, whereas downstream binding correlates with exon inclusion 5, 18 .
We next examined the association of distal Rbfox interaction with splicing changes. In Rbfox2 loss, a statistically higher fraction of excluded exons than unaffected exons contained upstream, distal conserved motifs (P < 1 × 10 −2 ; Fig. 3a) and CLIP-defined Rbfox2 binding sites (P < 2 × 10 −2 ; Fig. 3a) . Notably, unlike what we found in proximal regions, a higher proportion of differentially included exons than unaffected exons contained downstream, distal conserved motifs (P < 5 × 10 −4 ; Fig. 3b ). Also, a higher fraction of excluded than unaffected exons contained downstream, distal CLIP-defined Rbfox binding sites (P < 9 × 10 −3 for Rbfox1 CLIP; P < 2 × 10 −2 for Rbfox2 CLIP; Fig. 3b) . In RBFOX2 ectopic expression in human cells, we found that a higher fraction (P < 4 × 10 −2 ; Fig. 3d ) of excluded than unaffected exons had downstream distal conserved motifs.
As further support for the hypothesis that distal Rbfox sites can elicit regulatory effects on AS, the cumulative distributions of ∆Ψ values for mouse exons with either upstream or downstream, Figure 3 Both proximal and distal Rbfox motifs regulate splicing. (a-d) Bar plots depict the fraction of cassette exons for which there is evidence (listed below the first column of each panel) for direct Rbfox regulation within proximal or distal intronic regions, up or downstream (listed above each panel). Exons were classified as differentially included (∆Ψ ≥ 5%; blue, on the positive y axis), excluded (∆Ψ ≤ −5%; goldenrod reflected on the negative y axis) or not changing (−2% < ∆Ψ < 2%; gray, on the positive and y axis and also reflected on the negative y axis) according to Rbfox2 RNA-seq experiments in mouse (a,b) and human (c,d). *P < 0.05 and **P < 0.001, for a Fisher's exact test comparing the relative proportion of changed versus unaffected exons which possess a particular feature in the indicated intronic region. A full accounting of analyses using other RNA-seq experiments and other features is in Supplementary Figure 5 . . 3e ). In ectopic expression experiments, only the distribution of ∆Ψ values for exons with downstream conserved motifs was significantly different from background (Fig. 3f) .
Although the directionality of AS changes mediated by distal sites is likely more complex than that for proximal sites, these two complementary approaches demonstrate that conserved GCATG motifs and in vivo distal Rbfox binding sites are active splicing regulatory elements associated with Rbfox-dependent AS changes.
Distal Rbfox sites regulate AS in vitro and in vivo
To demonstrate proof of principle that distal Rbfox motifs regulate AS, we investigated exons from two human genes that show RBFOX2-dependent AS 21 : KIF21A exon 23 (E23) and ENAH (also called MENA) exon 11a (E11a). Biochemical evidence demonstrates that distal intronic sites flanking these exons interact with Rbfox1 in mouse brains and Rbfox2 in both mouse brains and human 293T cells (Fig. 4a,d) . Furthermore, binding sites are conserved across genomes (Fig. 4b,e) . The distal TGCATG motifs in both exons are at least 500 base pairs away from any exon, allowing us to assess their functionality at long distances. KIF21A is a member of the kinesin superfamily that is overexpressed in Down syndrome 47 and mutated in congenital fibrosis of the extraocular muscles type 1 (ref. 48 ). Inclusion of a 21-nt exon (E23) in KIF21A is RBFOX2-dependent, and when we analyzed its downstream flanking intron, we found both proximal and distal conserved RBFOX motifs. The two distal sites are located 42 nt apart in a short region of homology ~3.3 kilobases (kb) downstream of the alternative exon and ~550 nt upstream of the next exon. To assess whether these distal conserved sites function in the context of endogenous transcripts to alter splicing, we tested the ability of antisense morpholino oligonucleotides (MOs) designed against these sites to alter E23 splicing in HS578T cells (Fig. 4c, top) . Inclusion of E23 was reduced from ~39% in mock-treated cells to ~18% in cells treated with an MO against the first distal site, indicating that npg a r t i c l e s this TGCATG motif regulates E23 splicing from a distance. An MO complementary to the second distal site had no effect, either because this site does not regulate splicing in this cell line or because the site's physical conformation inhibits MO efficacy. As a control, an MO directed against a heterologous event in the cytoskeletal gene EPB41 (ref. 49 ) altered splicing of its intended target transcript but did not affect E23 splicing (Fig. 4c, bottom) . We concluded that one of the distal RBFOX motifs downstream of E23 is a strong distal splicing enhancer and is required for optimal splicing even in the presence of conserved proximal sites. ENAH E11a shows notably reduced inclusion during epithelialmesenchymal transition 50 , and is spliced in a breast cancer subtypespecific manner 21 . E11a splicing is regulated by RBFOX2 (refs. 5,21,51), and our genome-wide CLIP assays identified binding sites for Rbfox1 and Rbfox2 1.8 kb downstream of E11a in mouse brain, in human 293T cells (Fig. 4d) and in human embryonic stem cells 5 .
In contrast to KIF21A E23, the only conserved GCATG sequence motifs in the intron downstream of ENAH E11a are located distally, ~1.8 kb from the regulated exon. A group of three motifs is well conserved in at least 34 mammalian genomes and can also be found at orthologous positions in avian genomes (Fig. 4d) . The absence of conserved GCATG sequences in the proximal flanking intron suggested that the conserved distal sites mediate RBFOX-dependent splicing enhancer activity. We investigated the function of these distal RBFOX sites in endogenous transcripts in an in vivo context using vivo-MOs (vMOs, MOs with chemical modifications that improve their efficiency in vivo; see Online Methods). E11a was partially included in ENAH mRNA isolated from kidney and liver of mice treated with a saline control (Fig. 4f, upper panel, mock) . Injection of a single vMO complementary to two of the conserved RBFOX motifs (α-ENAH vMO) greatly reduced E11a inclusion in both tissues (Fig. 4f, upper panel) . Control vMOs that target a heterologous event (α-EPB41 vMO1 and vMO2; ref. 49) showed splicing changes only in their intended targets. We conclude that RBFOX proteins regulate AS of E11a under physiological conditions from distal conserved binding sites.
To further validate the role of distal RBFOX sites and exclude offtarget effects of the vMO, we transfected human breast cancer cell line HCC1954 with various three-exon minigene splicing reporters representing the E11-E11a-E12 region of the human ENAH gene (Fig. 4g) . In strong support of our hypothesis that these distal sites are functional, inclusion of E11a was reduced to almost complete exon skipping by mutating the three conserved distal GCATG sequences (Fig. 4h, lanes 1 and 2) . In contrast, mutation of two nonconserved GCATG sequences (open ovals) had little effect on splicing (Fig. 4h, lane 3) . Co-precipitation of biotinylated RNA containing two of the distal RBFOX sites with in vitro translated RBFOX2 confirmed protein-RNA binding, which was lost when we mutated RBFOX sites (Fig. 4i) . In summary, the above experiments functionally demonstrate that distal evolutionarily conserved GCAUG elements control splicing of exon E11a in the ENAH gene and E23 of the KIF21A gene and, more globally, there is strong statistical association between the presence of distal RBFOX sites and RBFOX-regulated exons. Next we addressed the mechanism of this molecular phenomenon. Figure 5 An RNA bridge between ENAH E11a and a conserved distal RBFOX site is necessary for exon inclusion. 
r t i c l e s
A long-range RNA bridge mediates AS regulation by RBFOX Distal Rbfox binding sites must be recruited to an alternative exon in order to productively enhance spliceosomal activity. We reasoned that RNA secondary structure might provide a 'bridge' that links distal cis elements with their exon targets. To investigate a role for such RNA bridges, we first scanned all cassette and constitutive exons for potential RNA-RNA interactions between exon-proximal and exon-distal intronic segments using RNAhybrid (Fig. 5a) . By requiring candidate RNA bridges to be evolutionarily conserved, as expected for developmentally important structures, we pared the initial list of more than 2 million RNA bridges to approximately 24,000 conserved RNA bridges. These were significantly enriched near alternatively spliced exons, compared to constitutively spliced exons (P < 0. 05 by χ 2 test; Fig. 5b) . Moreover, the relative enrichment of RNA bridges near alternative exons increased as a function of duplex stability, a variable not dependent on conservation levels, suggesting that conserved RNA bridges are more common and more thermodynamically stable around alternatively spliced exons than around constitutive exons (Fig. 5b, red line) .
We further enriched our search for RNA bridges that may play a role in distal Rbfox regulation by identifying structures that had a distal arm within 50 nt of a conserved GCATG site (BL score ≥ 0.3; see Online Methods). By this approach, we found 699 predicted RNA bridges around 125 exons (there are multiple potential bridges per exon). When we focused only on RNA bridges around exons that were altered upon ectopic expression of RBFOX (|∆Ψ| > 5% in any experiment), we identified 162 predicted RNA bridges around 19 exons. Among these, we found an RNA bridge connecting ENAH E11a to the distal site characterized above (Fig. 5c) , but, notably, we did not predict an RNA bridge around the KIF21A E23 AS event that met the strict filtering criteria we applied. Some AS events, including those in the HnRNPR gene (not shown) and ENAH had predicted RNA bridges that met the above criteria and also had strong biochemical evidence for RBFOX2 binding from our iCLIP in 293T cells (Fig. 4a) .
Downstream of ENAH E11a, our computational scan for RNA structures retrieved two overlapping RNA bridges predicted to connect a conserved region 30-120 nt immediately proximal to E11a to a similarly conserved region 10-100 nt upstream of the distal RBFOX cluster (Fig. 5c) . The proximal and distal arms of the structure were separated by a putative loop of 1.1-1.7 kb (mammals) or 0.6 kb (chicken), and each arm consisted of two subdomains. This structure was conserved in most mammalian genomes and also in the chicken genome, with evidence for compensatory mutations that maintain structure but not primary sequence (Fig. 5c) . We hypothesized that this stem-loop structure could bridge or recruit the distal RBFOX sites close to E11a, in effect recapitulating the classical example of Rbfox splicing regulation proximal to alternative exons.
To probe the role of this structure in regulating E11a splicing, we generated minigene constructs that contained either (i) disrupted RNA-RNA interactions in each subdomain of the structure, (ii) compensatory mutations that rescue RNA-RNA interactions but not primary sequence or (iii) a structure that had a perfectly complementary RNA bridge (Fig. 5d) . We found a dramatic reduction in E11a inclusion upon mutation of any subdomain (referred to as STEM-a and STEM-b) of the predicted stem structure ( Fig. 5e; lanes 2, 3, 5 and 6 ), even though the RBFOX sites remained intact. We combined the two STEM-a mutations to create construct STEM-a comp, which restored base pairing ( Fig. 5e; lane 4) and rescued E11a inclusion to half of the normal level. Better rescue of E11a inclusion was observed in the STEM-b compensatory mutation ( Fig. 5e; lane 7) . Consistent with these results, we also found that a double-mutant construct (STEMab prox) completely abrogated inclusion (data not shown), whereas double-compensatory mutation (STEM-ab comp) recovered more than half of E11a inclusion ( Fig. 5e; lane 8) . Finally, a mutation that extended the original base pairing by creating a perfect 42-nt stem actually increased E11a splicing efficiency above normal levels ( Fig. 5e;  lane 9 ). On the basis of these results, we theorize that AS regulation can be mediated by long-range RNA-RNA interactions between paired sequences that form an 'RNA bridge' to recruit a distal RBFOX site close to its target exon (Fig. 5f) .
DISCUSSION
Aberrant regulation of post-transcriptional RNA processing networks is increasingly recognized as a major cause of human genetic disease. Establishing the consequence of RBP interactions will be key to understanding the molecular basis of human diseases and the basic mechanisms that drive cellular processes. Our protein-RNA interaction maps reveal that Rbfox proteins bind not only proximally but also distally to exons and, furthermore, that these sites actively regulate alternative splicing. Minimally, this suggests there is a vast and untapped trove of information that could be used to predict the inclusion of exons according to cell state or environment. Aside from reaffirming the positional rules whereby proximal binding of Rbfox upstream of an exon suppresses and binding downstream of an exon enhances exon inclusion, we have identified hundreds of distal sites that are associated with Rbfox-regulated splicing. Furthermore, we provide evidence that long-range RNA-RNA interactions can function over kilobase distances in vivo to mediate activity of distal enhancers and that such RNA bridges may be common components of distal regulatory mechanisms in AS control.
RNA secondary structures have long been known to alter splicing patterns in yeast [52] [53] [54] , Drosophila 55, 56 and mammalian premRNAs 24, 57 . These have most often been observed to loop out exons or splice sites to induce their skipping 56, 58 (also reviewed in ref. 59 ). Early work in yeast also showed that intra-intronic basepairing interactions could enhance the splicing of long introns 52, 54 . In mammals, secondary structures have been shown to alter the activity of regulatory proteins by blocking or removing their binding sites 60 ; here we show that secondary structures can also function as chaperones for RBP-mediated long-range splicing regulation. Our data indicate that RNA bridges can function by dramatically shortening the distance between a distally bound splicing regulator and its target exon; indeed, close examination of iCLIP-seq data in Figure 4d revealed evidence for RBFOX2 interactions at the proximal stem region of the bridge in ENAH intron 11a that lacks GCATG motifs and would not be expected to bind RBFOX2 directly. In summary, RNA-RNA interactions within introns can have major effects on splicing and provide a versatile mechanism for juxtaposing splicing controllers with synergistic or antagonistic relationships. Beyond that, it adds an additional layer of AS regulation through promotion or inhibition of RNA-bridge formation, for example, through RNA editing.
Our results suggest that long-distance regulation of splicing is more far-reaching than the small number of earlier reports might imply. Abundant regulatory information located deeper within introns also represents an underappreciated source of diseasecausing mutations. As the number of sequenced human genomes increases, our catalogs of RNA binding sites and conserved regions will enable nucleotide-level, functional association of natural and disease variation with AS. We conclude that future studies of AS networks in normal development and in disease must consider both proximal and distal RNA binding sites and noncanonical molecular mechanisms that lead to distal enhancer activity in order to npg a r t i c l e s accurately predict RNA splicing. As we have demonstrated with vMOs, these cis-regulatory elements provide an important opportunity for targeted rationally designed therapeutic interventions, such as those that are proving effective and specific in the treatment of splicing-related diseases.
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